The polarization of Λ hyperons from relativistic flow vorticity is studied in peripheral heavy ion reactions at FAIR and NICA energies, just above the threshold of the transition to the Quark-Gluon Plasma. Previous calculations at higher energies with larger initial angular momentum, predicted significant Λ polarization based on the classical vorticity term in the polarization, while relativistic modifications decreased the polarization and changed its structure in the momentum space. At the lower energies studied here, we see the same effect namely that the relativistic modifications decrease the polarization arising from the initial shear flow vorticity.
The polarization of Λ hyperons from relativistic flow vorticity is studied in peripheral heavy ion reactions at FAIR and NICA energies, just above the threshold of the transition to the Quark-Gluon Plasma. Previous calculations at higher energies with larger initial angular momentum, predicted significant Λ polarization based on the classical vorticity term in the polarization, while relativistic modifications decreased the polarization and changed its structure in the momentum space. At the lower energies studied here, we see the same effect namely that the relativistic modifications decrease the polarization arising from the initial shear flow vorticity. 
I. INTRODUCTION
Relativistic heavy ion collisions allow to explore the properties of hot and dense QCD matter in the laboratory. Among the most prominent observables are the different kinds of transverse flow e.g. radial flow, directed flow, elliptical flow, and higher order flows. Hydrodynamics has been shown to provide direct access to these flow patterns.
In recent fluid dynamical models of relativistic heavy ion reactions, both different fluctuating modes and global collective processes lead to flow observables. It is important to separate or split the two types of flow processes from each other [1, 2] . This separation helps to precisely analyze both processes.
In peripheral heavy ion reactions, due to the initial angular momentum, the reaction shows a shear flow characteristics, leading to rotation [3] and even KelvinHelmholtz Instabilities (KHI) [4] in the reaction plane, due to the low viscosity Quark-Gluon Plasma. This possibility was indicated by high resolution Computational Fluid Dynamics calculations using the PICR method. The development of these processes was studied in 3+1 dimensional (3+1D) configurations that described the energy and momentum balance realistically [5] . The initial state model assumed transparency as well as stopping [6] due to strong attractive fields with accurate impact parameter and rapidity dependence in the transverse plane [7] . It assumed an initial inter-penetration of Lorentz contracted slabs (in most present models considered as CGC), and strong attractive coherent Yang-Mills fields act between these slabs, with large string tension (according to the color rope model [8] ).
In a previous work the development of vorticity was studied under the conditions where the viscosity is estimated to have a minimum, so the viscous dissipation is small, [9, 10] , and the spherical expansion is also smaller due to the lower pressure. Thus the initial local rotation, the vorticity drops slower.
In the PICR calculation [5] , the dynamical initial state, a Yang-Mills field theoretical model [7] was used as in ref. [11] , and a longitudinal expansion lasting 4 fm/c from the initial impact was considered. The classical weighted vorticity Ω zx , was calculated in the reaction [x-z] plane, the energy of the Au+Au collision was √ s N N = 4.65 + 4.65 GeV, b = 0.5b max .
The used fluid dynamical calculation and this initial state model, has been tested in several model calculations in the last decade. It describes correctly the initial shear flow characteristics. The angular momentum distribution is based on the assumption that the initial angular momentum of the participants (based on straight propagation geometry) is streak by streak conserved, thus the model satisfies angular momentum conservation both locally and globally. Fig.1 shows the 3-dimensional view of the simulated collisions shortly after the impact, and it could naturally generate a longitudinal velocity shear along the x direction, as shown in Fig. 2(a) . This type of longitudinal velocity shear is a requirement for the subsequent rotation, turbulence and even Kelvin Helmholtz instability(KHI), just as discussed in our previous paper [10] , as well as in refs. [12, 13] . The vortical flow formed in the equilibrated hydro evolution, as shown in Figs. 2(b)(c)(d), can give rise to the polarization due to the equipartion principle or spin-orbit coupling.
The peak value of the vorticity at the energy √ s N N = 4.65 + 4.65 GeV, was a few times smaller than at the ultra-relativistic RHIC and LHC energies, but the negative values are less pronounced. The initial state used is the same as the one that was used at high energy: we assume transparency, QGP formation, initial longitudinal expansion in the same Yang-Mills string rope model for 4 fm/c time. Besides, the frequently used 'Bag Model' EoS was also applied in the hydro simulation: P = c and B is the Bag constant in QCD [7, 14] . The energy density takes the form: e = αT 4 +βT 2 +γ +B, where α, β, γ are constants aring from the degeneracy factors for (anti-)quarks and gluons. At later time, the drop of the vorticity is not as The three-dimensional view of the collisions shortly after the impact. The projectile spectators are going along the z direction; and the target spectators are going along the z axis.The collision region is assumed to be a cylinder with an almond-shaped profile and tilted end surfaces, where the top side is moving to the right and the bottom is moving to the left. The participant cylinder can be divided into streaks, and each streak has its own velocity, as shown in Fig. 2(a) . The velocity differences among the streaks result in rotation, turbulence and even KHI. large as in higher energy heavy ion collisions.
In ref.
[5] the classical and relativistic weighted vorticities, Ω zx , were evaluated in the reaction plane, [x-z], so that the weighting does not change the average circulation of the layer, i.e., the sum of the average of the weights over all fluid cells is unity. The vorticity projected to the reaction plane for a collision for the FAIR-SIS300 energy of √ s N N = 8.0 GeV is evaluated at an initial moment of time and at a later time. The peak value of the vorticity is similar to the one obtained at the ultra-relativistic RHIC and LHC energies, but the negative values are less pronounced. The average vorticity was decreasing with time: Ω zx is 0.1297 / 0.0736 for the times, t =0.17 and 3.56 fm/c respectively. The same behavior was seen in ref. [15] . In addition to the directed flow (v 1 ) [3, 16] two methods were proposed so far to detect the effects of rotation: the Differential HBT method [17] and the polarization of emitted fermions based on the equipartition of the rotation between the spin and orbital degrees of freedom [18, 19] .
The particle polarization effect has some advantages and disadvantages. The local polarization depends on the thermal vorticity [18, 19] . Now at lower collision energy the temperature is lower and the thermal vorticity increases, which is advantageous. At ultra-relativistic energies this feature led to the conclusion that the predicted polarization is bigger for RHIC than for LHC, because of the lower temperature of the system. Furthermore at ultra-relativistic energies, the relativistic corrections to polarization will become stronger compared to the original shear and the resulting classical vorticity [20] .
The thermal vorticity occurs in the particle polarization, because the spin-orbit interaction aligns the spins and the orbital momentum, while the random thermal motion works against this alignment. Thus, we use the inverse temperature four-vector field [18, 19] ,
and define the thermal vorticity as: An analysis of the vorticity for peripheral Au+Au reactions at NICA and U+U reactions at FAIR energies of √ s N N = 9.3(8.0) GeV respectively gave an initial peak vorticity that was about two times larger than the one obtained from random fluctuations in the transverse plane, of about 0.2 c/fm at much higher energies [21] . This is due to the initial angular momentum arising from the beam energy in non-central collisions. The RHIC Beam Energy Scan program measured significant Λ andΛ polarizations, with the largest values at the lowest energies [22] .
At FAIR, the planned facilities, e.g. at PANDA [23] , will make it possible to measure proton and anti-proton polarization, also in the emission directions where significant polarization is expected.
II. POLARIZATION STUDIES
The flow vorticity was evaluated and reported in [5] . Based on these results we report the Λ polarization results for the same reactions. The initial state Yang-Mills flux-tube model [7] describes the development from the initial touching moment up to 2.5 fm/c. Then the PICR Hydro code is calculated for another 4.75 fm/c, so that the final freeze out time is 7.25 fm/c. The Λ andΛ polarization was calculated based on the work [19] 
where, n F (x, p) is the Fermi-Jüttner distribution of the Λ, that is 1/(e β(x)·p−ξ(x) + 1), being ξ(x) = µ(x)/T (x) with µ the relevant Λ chemical potential and p its fourmomentum. dΣ λ is the freeze out hypersurface element, for t =const. freeze-out dΣ λ p λ → dV ε, where ε = p 0 being the Λ's energy.
Here the first term is the classical vorticity term, while the second term is the relativistic modification. The above convention of Π(p) [19] is normalized to max. 50%, while in the experimental evaluation it is 100 %, thus we present the values of 2Π(p), [20] unlike in earlier calculations [18, 24, 25] . In Fig. 3 the dominant y component of the polarization vector Π(p), for the first and second terms are shown. The first term is pointing into the negative y direction with a maximum of -26%. The structure of first term arises from the v 1 type of flow in Fig. 2(b) , which is also unipolar and negative y directed. The second term has different structure, it points in the opposite direction and has a maximum of +22%, i.e./ ∼ 4% less than the absolute value of the first term.
In Fig. 4 the x component of the polarization vector Π(p), for the first and second terms are shown. The first term is about four times smaller than the y component, ±6%, and the positive and negative values are symmetric in a way that the integrated value of the polarization over the momentum space in the transverse plane is vanishing. This sign distribution is just the manifestation of anti-v 2 type of flow in [y-z] plane, seen in Fig. 2(c) with a dipole structure. The second term is about half of the y component, ±17%, and the positive and negative values are symmetric in a way that the integrated value of the polarization over the momentum space in the transverse plane is vanishing. Furthermore the first and second terms have opposite signs at the same momentum values in the transverse plane, which decreases further their effect.
In Fig. 5 the z component of the polarization vector Π(p), for the first and second terms are shown. The first term has a maximum of ±2%, and the positive and negative values are symmetric in a way that the integrated value of the polarization over the momentum space in the transverse plane is vanishing. This sign distribution is also the manifestation of the anti-v 2 type of flow in [x-y] plane, i.e. a dipole structure in Fig. 2(d) . The second term has similar structure to the first one, with a maximum of ±2% also, but the first and second terms have similar structure in the momentum space.
In Fig. 6 the dominant y component of the polarization vector Π(p), for the sum of the first and second terms is shown. The top figure is the distribution of the polarization in the center-of-mass frame while the bottom figure is in the local rest frame of the Λ. Fig. 7 shows the modulus of the polarization vector Π(p). The maximum at high |p y | and low |p x | is the same as the absolute value of the Π 0y component. Here the other components have only minor contributions to the final observed polarization. At the corners, at high |p y | and high |p x |, the contribution of the x and z components of Π(p) dominates, while the y component has a minimum. The polarization studies at ultra-relativistic, RHIC and LHC energies, turned out to be sensitive to both the classical vorticity of the flow (first term) and the relativistic modifications arising from rapid expansion expansion at later stages of the flow (second term) [18, 20] .
Initially the contribution of the classical vorticity is stronger than the relativistic modification term, i.e. the 'second' term. This is in line with earlier observations [5, 15] . The effect of this decrease is also visible in the polarization results. The Λ polarization was evaluated at earlier freeze out time, t = 2.5 + 1.7fm/c = 4.2fm/c for the FAIR U+U reaction. See Fig. 9 The y component and the modulus of the polarization vector Π(p) have very similar structure and magnitude, although the y component points in the negative y direction as the angular momentum vector from the initial shear flow. This indicates that the other, x and z, components are of the order of 1% only at moderate momenta where the y component and the modulus are of the order of 5-6%. At the "corners", at high |p y | and high |p x |, the contribution of the x and z components of Π(p) are approaching that of the y component, so that the modulus is larger than the y component, by 4-5%. Still the contribution of these second term components is clearly smaller than the classical vorticity component.
It is important to mention the role of the initial condition. The second term, the relativistic modification, develops during the expansion of the system and is not very sensitive to the initial state. This is shown by the fact that the structure of the x component of polarization, Π 2x in the dominant Fig. 4b , is very similar to Fig.  14b of ref. [25] . At the same time here the initial shear and classical vorticity are present in the initial state with strong stopping and dominance of the Yang-Mills field, [6, 7] , while in ref. [25] this is not present. As a consequence the final polarization estimates in the y direction are different in the two models.
III. TOTAL Λ POLARIZATION INTEGRATED OVER MOMENTUM SPACE
Since the experimental results for Λ polarization are averaged polarizations over the Λ momentum, we evaluated the average of the y component of the polarization Π 0y p . We integrated the y component of the obtained polarization, Π 0y , over the momentum space as follows: Π 0y p = dp dx Π 0y (p, x) n F (x, p) dp dx n F (x, p) = dp Π 0y (p) n F (p) dp n F (p)
For Au+Au collisions at NICA energy (9.3 GeV/A), the avarged y component of polarization is 1.82%, at freeze out time 2.5+4.75 fm/c, while for the U+U collisions at FAIR energy (8 GeV/A) at the same time, the value is 1.85%, a bit larger. As some papers [18, 26] had pointed out, the Λ polarization scales with x F = 2p/ √ s, thus the Λ polarization should increase with decreasing energy, which is also, more or less, being confirmed by our results. We also evaluated the average polarization for U+U collisions at 8 GeV/A energy at an earlier time 2.5+1.7 fm/c, and the obtained value is about 2.02%, showing that the average polarization is decreasing with freeze out time.
It is important to mention that if vorticity and polarization are dominated by the expansion and not by the initial shear flow then the vorticity is symmetric, see Fig.  13 of ref. [25] , and the polarization also as shown in Fig.  4b , and similarly in Fig. 14b of ref. [25] . Due to the symmetry of the polarization in the ± directions these polarizations average out to zero. This applies to the y directed polarization in the model initial state of ref. [25] also. The result that the present model yields to a net average polarization, Π 0y ), in the negative y direction, is due to the strong shear flow and vorticity in the initial state.
The vorticity induced by the initial orbital angular momentum will eventually give rise to non-vanishing local and global polarization, which is aligned with the initial angular momentum [12, 13, [27] [28] [29] [30] [31] . As eq. (4.4) in Ref. [12] shows, the quark polarization rate is sensitive to the viscosity, η/s. This equation also indicates that the modulus of quark polarization is inversely proportional with the center-of-mass energy. On the other hand, this equation is based on the one-dimensional Bjorken assumption, i.e. the transverse expansion was not considered, while in our model the spherical expansion is manifested in the second term, and obviously influences the final polarization significantly.
Previous experimental results, e.g. Au+Au collisions at 62.4 GeV and 200 GeV in RHIC, have shown global polarization [32] , with large error bars. We have to point out that these experiments had a centrality percentage of 0-80% in RHIC, which dilutes the obtained polarization values after averaging. Also the azimuth averaged values are much smaller than values for given azimuthal ranges as shown in Fig. 8 . Furthermore Fig. 2 in Ref. [28] and Fig. 3 in Ref. [33] have shown a centrality region of nontrivial initial angular momentum, which drops drastically above 50% and below 20% centrality percentage. Since the polarization originates from initial angular momentum, it is better to measure the polarization effect in the 20%-50% centrality percentage range. The centrality percentage value used in our model is 30%, which gives us the peak value of inital angular momentum.
For the correct determination of the momentum space dependence of Λ polarization, we have to know the reaction plane and the Center of Mass (CM) of the participant system in a peripheral heavy ion reaction. The Event by Event (EbE) determination of the longitudinal CM of participants could be measured by the forward backward asymmetry of the particles in the Zero Degree Calorimeters (ZDCs). In colliders only single neutrons are measured in the ZDCs, so one has to extrapolate from these to the total spectator momenta. This method to detect the EbE CM was proposed in Refs. [1, 34] .
At collider experiments, e.g. the LHC-ALICE or RHIC-STAR, this determination was not performed up to now, with the argument [35] that nuclear multifragmentation may also lead to fluctuation of single neutron hits in ZDCs, and therefore CM frame would have been determined inaccurately. However, at FAIR's fixed target experiments, it is possible to detect all the fragments from multi-fragmentation of spectators, thus the CM frame can be determined accurately.
Since the experimental measurement of global Λ polarization is conducted around different azimuthal angle, it is crucial to accurately define the EbE CM frame. In symmetric collider experiments, the CM frame de facto fluctuates around the actual CM frame. The fixed target FAIR setup can get rid of this uncertainty perfectly. The
Compressed Byronic Matter (CBM) experiments will be able to measure the polarization effects at SIS-100 and SIS-300 with millions times higher intensity and event rate, up to six order of magnitude than at the RHIC Beam Energy Scan program.
The higher multiplicity, thus allows for the high resolution measurement of the momentum space dependence of the Λ polarization, which can be decisive to determine the dominant polarization mechanism.
IV. SUMMARY
We have explored Λ polarization as an observable signal for the vorticity created in peripheral heavy ion collisions. The studies were performed within a (3+1D) hydrodynamic simulation for U+U collisions at FAIR energies (∼ √ s N N = 8 GeV). We predicted a sizeable polarization signature in the emitted Λ hyperons that can directly signal the initial vorticity. The predictions can be explored at the NICA and FAIR facilities in the near future.
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